ABSTRACT. The aim of this study was to clarify the regulatory effects of epithelial kinetics on indigenous bacterial proliferation in the large intestine. The lifespan, migration speed and proliferation rate of crypt epithelial cells in the initial 20% of the colon (proximal colon) and the 50% of the colon (middle colon) in bromodeoxyuridine-administrated rats were histoplanimetrically and chronologically compared. The proximal colon possessed well-developed mucosal folds and a large amount of indigenous bacteria which filled the crypt lumen, whereas no folds or bacteria were found to occupy the crypt lumen in the middle colon. The cell lifespans were 32.2, 42.5 and 33.6 hr in the apical and the basal parts of the mucosal folds of the proximal colon, and in the middle colon, respectively. The migration speeds were 4.2, 2.1 and 3.3 m/hr, respectively, while the appearance frequencies of proliferating cell nuclear antigen (PCNA)-positive crypt epithelial cells were 35.0, 24.6 and 33.8%. These findings suggest that the lifespan was shortened and the migration speed increased in the most luminal mucosa of colon, contributing to the elimination of the adhered bacteria from the most luminal mucosa. By contrast, the elongation of the lifespan and deceleration of the migration of epithelial cells in the basal parts of the mucosal folds might contribute to reliable settlement of indigenous bacteria, resulting in the maintenance of a large amount of indigenous bacteria in the lumen of the proximal colon.
Indigenous bacteria maintain a symbiotic relation with their hosts, and contribute to the health maintenance of hosts through interference with newly invaded pathogens, the production of short-chain fatty acids and vitamins, and the enhancement of oral immunological tolerance [5, 40] . At the same time, indigenous bacteria have been suggested to be essential in driving the inflammatory pathology in human inflammatory bowel diseases, and have been reported to play a part in the initiation of colonic cancer [16] .
In healthy men, the relative amount of indigenous bacteria increases toward the distal alimentary tract and finally reaches 10 10 -10 12 CFU in the colon [6, 19, 27, 36] . This tendency is the same in other mammalian species (cattle [31] , dogs [12] , mice [43] , rats [25] ). These indigenous bacteria are maintained in almost constant number under physiological conditions [36] . Intestinal indigenous bacteria are considered to be regulated by various defense factors such as the intrinsic motility of the intestinal wall, the secretion of mucus and bactericidal substances, the elimination of adhered bacteria by epithelial cells themselves and the rapid replacement of epithelial cells [22, 24, 32, 35] .
Epithelial cells are generated in the intestinal crypts and predominantly migrate toward the villous apices. In their migration process, the epithelial cells are induced apoptotic signals and finally exfoliated into the intestinal lumen in small intestine [8, 38] . A similar process is believed to occur in the large intestine [10, 15, 41, 42] . On the other hand, the fundamental settlement sites of indigenous bacteria are the apices of both the intestinal villi and domes of mucosal lymphatic follicles in the rat small intestine [11, 22, 23, 44] , and around the crypt orifices of the most luminal mucosa in the rat large intestine [44] . At these sites, apoptotic epithelial cells are incessantly shed into the intestinal lumen. Therefore, changes in epithelial kinetics effectively regulate the number of adhered indigenous bacteria in the rat small intestine [35] .
The kinetics of intestinal epithelial cells have been actively studied under steady physiological conditions in humans [30, 39] , mice [7, 13, 28, 29] , rats [2, 28, 29] and chickens [41] . In rodents, the proliferation site is the lower half of the intestinal crypt in the large intestine [3, 8, 9, 34] . Under physiological conditions, the lifespan of epithelial cells was 3-4 d in the mouse descending colon [8] and 4.63 d in the rabbit proximal colon [14] . The exposure of germfree animals to conventional housing results in the acceleration of the replacement of villous columnar epithelial cells in mice [1] and rats [2] . The feeding of foods mixed with human feces results in shorter intestinal crypts and villi in germ-free rats [37] . In addition, we clarified that the lifespan of villous columnar epithelial cells is shortened and their migration speed increased at sites with hyperproliferation of indigenous bacteria compared to sites with no or less proliferation [35] .
In the rat large intestine, numerous indigenous bacteria reside in the crypt lumen and on the mucous epithelium of the proximal colon, whereas no bacteria reside in the crypt lumen, and a few on the mucous epithelium of the middle colon and rectum [44] . However, the regulation system, especially changes in epithelial kinetics, has not been clarified through the comparison of sites with different degrees of proliferation of indigenous bacteria, such as the proximal and middle colon. The present study aims to histoplanimetrically clarify the relationship between epithelial kinetics and regulation of indigenous bacteria in the rat colon under a physiological condition.
MATERIALS AND METHODS

Animals:
A total of 30 male Wistar rats aged 7 weeks (Japan SLC Inc., Hamamatsu, Japan) were maintained under conventional laboratory housing conditions. They were permitted free access to food (Lab MR Stock, Nosan Corp., Yokohama, Japan) and water. The animal facility was maintained under conditions of a 12-hr light/dark cycle at 21  1C and 50-60% humidity. No sign of disorder was confirmed by clinical or pathological examinations in all animals. This study was approved by the Institutional Animal Care and Use Committee (Permission number: 17-04-05) and carried out according to Kobe University Animal Experimentation Regulations.
BrdU administration: Five rats each were sacrificed by i.p. injection of overdosed pentobarbital sodium (Dainippon Sumitomo Pharmaceuticals, Osaka, Japan) at 18, 24, 30, 36, 4 2 a nd 4 8 h r a f t e r in t r a p e r i to n e a l i n je c t i o n o f bromodeoxyuridine (BrdU; 50 mg/kg, Sigma-Aldrich, St. Luis, U.S.A.) in physiological serine.
Tissue preparation: The animals were intravascularly perfused with 4% paraformaldehyde-containing periodatelysine-paraformaldehyde fixative (PLP; pH 6.2, 38C). After perfusion, tissue blocks were removed from the initial 20% colon (proximal colon) and the 50% of the colon (middle colon). All tissue blocks were immersion-fixed in cold PLP for 24 hr at 4C, then were snap-frozen in liquid nitrogen with reference to the embedding method described by Barthel and Raymond [3] . Sections 4 m in thickness were cut using a Coldtome HM505E (Carl Zeiss, Jena, Germany) and were placed on slide glasses precoated with 0.2% 3-aminopropyltriethoxysilane (Shin-Etsu Chemical Co., Tokyo, Japan).
A section from each tissue block was stained with hematoxylin-eosin to observe the general structures of the intestinal lumen and wall.
Immunohistochemical detection of BrdU: Detection of antigens was conducted using the peroxidase-antiperoxidase (PAP) method. Briefly, after rinsing with 0.05% Tweenadded phosphate buffered saline (PBS; pH 7.4), the sections were incubated in 1.0 N HCl solution for 13 min at 45C. Then, the sections were followed by immersion in absolute methanol and 0.3% H 2 O 2 solution for 30 min, respectively. After blocking with 1% normal wild bullfrog serum (prepared in our laboratory) for 1 hr at room temperature (r.t.), the sections were reacted with anti BrdU mouse IgG 1 (diluted at 1 : 100, Santa Cruz Biotechnol., Santa Cruz, U.S.A.) for 18 hr at 4C. Then the sections were incubated with anti mouse IgG rat IgG (diluted at 1 : 50, Jackson ImmunoRes. Lab., West Grove, U.S.A.) for 1 hr at r.t., followed by mouse PAP-complex (diluted at 1 : 50, Serotec., Oxford, U.K.) for 1 hr at r.t. After rinsing with P B S , t h e s e c t i o n s w e r e i n c u b a t e d w i t h 3 , 3 ' -diaminobenzidine (Dojindo Lab., Kumamoto, Japan) containing 0.03% H 2 O 2 , and were counterstained with hematoxylin. Control sections were incubated with nonimmunized mouse serum instead of the primary antibody or with PBS.
Immunohistochemical detection of PCNA: The detection of proliferating cell nuclear antigen (PCNA) was conducted in essentially the same manner as BrdU detection. Briefly, sections from the proximal and the middle colons of 5 randomly selected animals were incubated with proteinase K (1.2 g/ml, Sigma-Aldrich, Saint Louis, U.S.A.) solution for 13 min at 37C. The primary antiserum was anti PCNA mouse IgG 2a (diluted at 1 : 100, Oncogene, Darmstadt, Germany).
Histoplanimetry: Ten intestinal crypts whose central axes had been longitudinally cut were randomly chosen from each intestinal portion of each animal. The depth of the intestinal crypt was measured from the upper extremity of the nucleus of the lowest epithelial cell to that of the highest one in the same crypt.
The mean position of the epithelial nucleus of the leading edge of the BrdU-labeled epithelial cell cluster along the entire length of the intestinal crypt was calculated from 5 animals as a percentage from the bottom of the intestinal crypt, at each time after BrdU administration. The approximate lifespan of the BrdU-labeled epithelial cells was estimated from the distribution of the mean positions of the leading edges of BrdU-labeled epithelial cell clusters at each time.
The migration speed of BrdU-labeled epithelial cells per 1 hr was calculated from the migration distance of the labeled epithelial cells during 18 to 24 hr after BrdU administration.
The appearance frequency of PCNA-positive crypt epithelial cells and the total number of epithelial cells was measured from both sides of the epithelial wall of 5 intestinal crypts of sections from each of 5 randomly selected animals.
Statistical analysis: Data are presented as means  standard deviations. Statistical analysis was performed using ANOVA with Scheffe multiple comparison testing. P values of less than 0.05 were considered statistically significant.
RESULTS
General histology:
The mucosal folds were well developed in the proximal colon, whereas there were no folds in the middle colon (Figs. 1a, d ). Bacteria filled in the central luminal chyme which contained food-derived substances, and in the inter-fold spaces which contained scarcely any food-derived substances (Fig. 1a) . A thick mucus layer covered the most luminal mucosa in both the proximal and middle colons. In the mucous layer, numerous indigenous bacteria were contained in the proximal colon, whereas there were a few indigenous bacteria in the middle colon (Figs. 1a, d) . The indigenous bacteria adhered to the epithelium of the most luminal mucosa in both portions of the colon, and also filled the crypt lumina in the proximal colon exclusively (Figs. 1b, c, e, f) .
The intestinal crypts were significantly deeper in the apical parts of the mucosal folds in the proximal colon than in the middle colon; the deepest crypts were in the basal parts of the mucosal folds (Fig. 2) .
Epithelial kinetics: At 18 hr after BrdU administration, the leading edge of the BrdU-labeled epithelial cell cluster reached 64.5  4.5%, 60.9  2.3% and 58.2  5.4% levels from the crypt bottom in the apical and basal parts of the mucosal folds of the proximal colon and in the middle colon, respectively (Figs. 3a, 4a, 5a) . Thereafter, the The lifespan was markedly longer in the basal parts of the mucosal folds than in the apical parts of the mucosal folds and in the middle colon (Fig. 6 , Table 1 ). The migration speed per hour was also smaller in the basal parts of the mucosal folds than in the apical parts of the mucosal folds in the proximal colon; in the middle colon was between these two ( Table 1) . The total number of crypt epithelial cells was significantly smaller in the basal parts of the mucosal fold than in the apical parts of the mucosal folds of the proximal colon; the middle colon was between these two. The number of PCNA-positive crypt epithelial cells was significantly smaller in the basal than in the apical parts of the mucosal folds and in the middle colon. The ratio of PCNA-positive cells showed a similar tendency (Fig. 7) .
DISCUSSION
The fundamental settlement places of indigenous bacteria under physiological conditions have been identified as the apical portions of both the intestinal villi and dome of mucosal lymphatic follicles in rat small intestine [11, 44] . Indigenous bacteria contained in the chyme and the deep spaces of the mucosa are provided from these fundamental settlement sites [44] . The apices of both the intestinal villi and the dome of mucosal lymphatic follicles also are the shedding sites of effete epithelial cells at the late apoptotic stage [33] . Therefore, the stable settlement of indigenous bacteria is considered to be maintained by the delicate balance of the proliferation rate of indigenous bacteria over the exfoliation rate of effete apoptotic epithelial cells. On the other hand, the replacement of villous columnar epithelial cells is accelerated in germ-free mice and rats which are reared in conventional conditions [1, 2] . In addition, our previous study clarified that the lifespan of villous columnar epithelial cells is shorter at sites with good proliferation of indigenous bacteria than at sites with no or less bacterial proliferation in the rat small intestine [35] . Therefore, the present finding that the lifespan of epithelial cells in the apical parts of the mucosal folds of the proximal colon and in the most luminal mucosa of the middle colon was shorter than in the basal parts of the mucosa of proximal colon suggests that the short lifespan might contribute to the expelling of indigenous bacteria which adhere to the apoptotic epithelial cells. However, the lifespan of epithelial cells is also changed by the length from the proliferation site to the exfoliation site. Therefore, the change of lifespan of epithelial cells might not be accurately reflected in the acceleration/deceleration of the epithelial kinetics, when the length of the migration distance is changed by the acceleration of the epithelial expelling. Our previous study clarified that the migration speed of villous columnar epithelial cells contributes to the regulation of proliferation and settlement of indigenous bacteria in the rat small intestine [35] . The migration speed of epithelial cells is considered to be more reflected in the changes of epithelial kinetics caused by the expansion of bacterial colonies, because the migration speed is determined by the migration distance during a unit time. Therefore, the present finding that the migration speed of epithelial cells in the apical parts of the mucosal folds of proximal colon and in the most luminal mucosa of middle colon was greater than in the basal parts of the mucosa in proximal colon, suggests that the acceleration of epithelial cell migration might represent an increase of the exfoliation rate of apoptotic epithelial cells with indigenous bacteria in the large intestine.
In general, the tendency of indigenous bacteria to increase toward the lower alimentary tract has been confirmed in various animal species; healthy humans [6, 19, 27, 36] , dogs [12] , cattle [31] , mice [43] and rats [25, 44] . To the contrary, the migration speed of villous columnar epithelial cells decreases toward the ileum in rat small intestine [21, 35] . In the rat large intestine, a large amount of indigenous bacteria reside in the inter-mucosal fold spaces of the initial 30% portion and invade into the intestinal crypt lumen, whereas no indigenous bacteria invade into the intestinal crypt lumen of the distal 70% portion [44] . In the present study, a large amount of indigenous bacteria and lack of chyme were confirmed in the inter-mucosal fold spaces and their intestinal crypt lumen. Further, the migration speed was less and the lifespan of epithelial cells was greater in the basal parts of mucosal folds than in the apical parts of the mucosal folds of the proximal colon and in the middle colon. Therefore, the elongation of the lifespan and the deceleration of migration of epithelial cells might contribute to the reliable settlement of indigenous bacteria in the basal parts of the mucosal holds, enabling the maintenance of a large amount of indigenous bacteria in the proximal colon.
In the small intestine, epithelial cells proliferate from the undifferentiated epithelial cells in the intestinal crypts, undergo the induction of apoptosis in the migration process, and finally exfoliate into the intestinal lumen [8, 10, 18, 33, 38, 41] . The villous length is considered to be maintained by the balance between epithelial cell generation and epithelial exfoliation. In the large intestine, the depth of the Figs. 3-5. BrdU-labeled epithelial cells in the apical (Fig. 3 ) and basal portions (Fig. 4) of mucosal folds in the proximal colon and in the middle colon ( intestinal crypts is also considered to be maintained by the balance between epithelial expelling and production. In 7-week-old Wistar rats, the amount of indigenous bacteria increased toward the distal small intestine, accompanying the decrease in the height of the intestinal villi [35, 44] . In the colon, the depth of the intestinal crypts was less in the proximal colon than in the distal colon in 3-month-old Sprague-Dawley rats [17] . The rearing of germ-free rats in conventional conditions, makes the depth of intestinal crypts longer in the middle colon [2] . The administration of human feces to germ-free rats decreases the depth of intestinal crypts of the proximal colon [37] . In the present study, the crypt depth, total number of crypt epithelial cell and number of PCNA-positive epithelial cell were significantly larger in the apical portions of mucosal folds in the proximal colon and in the middle colon than in the basal portions of mucosal folds of the proximal colon. Therefore, up-/down-regulation of indigenous bacteria in the most luminal mucosa and the deep mucosa is also confirmed by these structural differences in the intestinal crypts of the rat colon.
Proliferation of intestinal indigenous bacteria is regulated by the secretion of various soluble factors and the elimination system in the intestinal walls themselves, in addition to the regulation of epithelial cell kinetics under physiological conditions [22-24, 32, 35] . The rearing of germ-free rats in conventional condition, decreases the neutral mucins of goblet cells in the proximal colon [37] . Goblet cells are decreased in specific pathogen free mice in comparison with germ-free ones. Therefore, the formation of intestinal microflora leads to a decrease in the mucin secretion [20] . Thus, the difference in regulation of indigenous bacteria between the basal portions of the mucosal folds in the proximal colon and the middle colon might be caused by other defense factors such as the regulation of the host's mucin secretion, in addition to the regulation of epithelial kinetics.
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